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Aquaporins are proteins with a hole
down their middle that allow the ﬂow
of water (Agre and Kozono, 2003)
through otherwise impermeable mem-
branes and thus make the life of
(animal) cells possible, as we know it
(Agre et al., 1998). The membranes of
animal cells are weak, not able to
maintain signiﬁcant pressures, and so
water must ﬂow easily out of cells if
they are to survive with membranes
intact. Torn membranes are often the
immediate cause of death from disease
or dysfunction because torn mem-
branes cannot maintain the gradients
of concentration and electrical potential
necessary for cell function. As in so
many other cases, evolution controls a
vital cellular function by a single class
of proteins, and so it is ﬁtting that the
discoverer of these proteins—Peter
Agre—was one of the recipients of this
year’s Nobel Prize in chemistry.
When a positive charge is added to a
water molecule, the resulting water ion
becomes the fundamental aqueous
cation, called a ‘‘proton’’ here to beg
the question of its precise chemical
identity. The ﬂow of these protons is as
fundamental to life as the ﬂow of water
(DeCoursey, 2003), because the ﬂow of
protons is coupled to the energetics that
fuel metabolism. It seems advanta-
geous for the cell to have separate
transport mechanisms for water and
protons so it can control cell volume
and metabolism independently. From
this biological point of view, it is not
surprising that protons are unable to
ﬂow through aquaporins. The chemical
point of view is different, however.
Protons hardly move through protein
channels ﬁlled with water, but they
move very easily through water, and
ice, by some variation of the so-called
Grotthuss mechanism involving pro-
ton/charge exchange, rather than elec-
trodiffusion of a cationic water moiety.
It is necessary then to explain why
protons cannot move easily through a
water channel as they do through an
aqueous solution or ice. The explan-
ation should reside, one imagines, in
the structure of the channel protein or
some special physical property of the
protein and lipid surrounding it.
The structure of several important
channels is now known, thanks to
Roderick MacKinnon. His pioneering
work in crystallizing channel proteins
and determining their structure was
recognized with the award of a Nobel
Prize this year, shared with Peter Agre.
Following these studies, Fu et al.
(2000) and Sui et al. (2001) determined
the structures of some aquaporins. It
is natural to look at these structures
seeking an answer to the question:
‘‘Why can’t protons move through a
water channel?’’ But the answer is not
clear. The structure tells much but it
does not immediately predict permea-
tion and selectivity. The structure only
hints at the special physical properties
of the protein and surrounding lipid.
Theoretical attempts to address the
water/proton selectivity in aquaporins
(e.g., de Groot and Grubmu¨ller, 2001;
Tajkhorshid et al., 2002) have actually
studied only water transport. Water
transport is much simpler to simulate
than proton transport because water has
no net charge. Many effects of the
electric ﬁeld seem safe to ignore when
studying water transport. Most theoret-
ical studies—building on earlier con-
ceptual models of proton transport
(e.g., Nagle and Morowitz, 1978)—
have more or less assumed that proton
ﬂow in channels is controlled by a one-
dimensional version of the Grotthuss
mechanism, with a column of waters
forming a proton wire threading
through the channel protein (e.g., Fu
et al., 2000; de Groot and Grubmu¨ller,
2001; Kong and Ma, 2001; Law and
Sansom, 2002; Tajkhorshid et al.,
2002; DeCoursey, 2003). Protons are
then thought not to ﬂow through aqua-
porin because the protein disrupts the
speciﬁc arrangement of water mole-
cules necessary for proton exchange.
A recent paper of Burykin and
Warshel (2003) challenges this long-
held belief by examining the actual
energetics of proton transport in aqua-
porin, seeking to evaluate the electro-
static energy needed to transfer a
proton through the protein. Warshel
and co-workers have studied the role of
the electric ﬁeld in determining many
properties of proteins, including proton
transport, for many years (Warshel,
1979; Warshel and Russell, 1984;
Warshel, 1986; Sham et al., 1999),
and recently they have been joined by
many others who seek to explain
important functions of proteins and
channels starting with their electro-
statics (see the classical papers of Davis
and McCammon (1990), Honig and
Nichols (1995), and Levitt (1991); and
see the early papers of Eisenberg
(1990, 1996)).
Burykin and Warshel (2003) calcu-
late the energetics of a proton wire in
the electrostatic environment of a
channel. They use a mesoscopic model
of the electric ﬁeld together with a
simpliﬁed empirical valence bond type
effective potential to describe proton
exchange in a proton wire and calculate
stable estimates of the free energies of
the different steps in proton transport.
Burykin andWarshel (2003) found (see
their Fig. 4) that the barrier for proton
transport is enormous (;15 kcal/mol),
whereas the barrier for water transport
is small (\2 kcal/mol). The main
source of the barrier was the (mostly
electrostatic) desolvation penalty of
moving the proton charge from bulk
solution to water molecules in the
channel interior. The dielectric proper-
ties of the protein dominate this electro-
Submitted October 27, 2003, and accepted for
publication October 27, 2003.
Address reprint requests to Bob Eisenberg,
E-mail: beisenbe@rush.edu.
 2003 by the Biophysical Society
0006-3495/03/12/1/02 $2.00
static barrier, and the protein permanent
dipoles and ionized groups contribute
to its shape. The effects of perfect water
orientation are relatively small in
membrane proteins embedded in lipid
bilayers because the electrostatic bar-
riers are much larger in such systems.
The same effects of water orientation
are relatively large in bulk water and
ice, which do not have these electro-
static barriers because the water and ice
are not part of a membrane system.
The importance of electrostatic ef-
fects in proton transport is increasingly
recognized. de Groot et al. (2003)
present qualitative free energy proﬁles
that led to a signiﬁcant barrier at the
center of the channel, which they
attribute to the effect of helix macrodi-
poles. This ﬁnding is in some conﬂict
with the ﬁnding of Burykin andWarshel
who show minimal contribution from
the helix macrodipoles. Jensen et al.
(2003) suggest that that lack of proton
transport depends on the dipolar water
arrangement, but argue that electrostatic
interactions between the proton and the
channel play a major role.
The ﬁnding of Burykin and Warshel
(2003) seems to be of general relevance
to channels and transporters, where it is
likely that electrostatic effects are one
of the main factors (Eisenberg, 1996;
Cardenas et al, 2000; Corry et al, 2000;
Eisenberg, 2000; Im and Roux, 2002)
that control transport, along with ﬁnite
volume effects of crowded charge
(Nonner et al, 2000; Eisenberg, 2003)
so important in determining selectivity.
It seems clear that understanding the
biological role of aquaporin requires
reliable and calibrated calculations of
the energetics of proton movement
in aquaporin. Burykin and Warshel
(2003) show that electrostatic energies
dominate proton movement. If so, the
task of understanding biological func-
tion is much easier: the chemical
processes involved in proton exchange
need be studied with only enough
resolution to verify their relative unim-
portance. Understanding proteins and
channels would be much easier if all
their energetics were dominated by
mesoscale electrostatics and physics
that can be calculated without keeping
track of the trajectories of myriads of
atoms on a femtosecond timescale.
REFERENCES
Agre, P., M. Bonhivers, and M. Borgnia. 1998.
The aquaporins, blueprints for cellular plumb-
ing systems. J. Biol. Chem. 273:14659–
14662.
Agre, P., and D. Kozono. 2003. Aquaporin water
channels: molecular mechanisms for human
diseases. FEBS Lett. 27718:1–7.
Burykin, A., M. Kato, and A. Warshel. 2003.
Exploring the origin of the ion selectivity of
the KcsA potassium channel. Proteins. 52:
412–426.
Burykin, A., and A. Warshel. 2003. What really
prevents proton transport through aquaporin?
Charge self-energy versus proton wire pro-
posals. Biophys. J. 85:3696–3706.
Cardenas, A. E., R. D. Coalson, and Kurnikova,
M. G. (2000). Three-dimensional Poisson-
Nernst-Planck studies. Inﬂuence of membrane
electrostatics on gramicidin A channel con-
ductance. Biophys J. 79:80–93.
Corry, B., S. Kuyucak, and S. H. Chung. 2000.
Tests of continuum theories as models of ion
channels. II. Poisson-Nernst-Planck theory
versus Brownian dynamics. Biophys. J. 78:
2364–2381.
de Groot, B., and H. Grubmu¨ller. 2001. Water
permeation across biological membranes:
mechanism and dynamics of aquaporin-1 and
GlpF. Science. 294:2353–2357.
de Groot, B. L., T. Frigato, V. Helms, and H.
Grubmu¨ller. 2003. The mechanism of proton
exclusion in the aquaporin-1 water channel.
J. Mol. Biol. 333:279–293.
Davis, M. E., and J. A. McCammon. 1990.
Electrostatics in biomolecular structure and
dynamics. Chem. Rev. 90:509–521.
DeCoursey, T. E. 2003. Voltage-gated proton
channels and other proton transfer pathways.
Physiol. Rev. 83:475–579.
Eisenberg, R. S. 1990. Channels as enzymes.
J. Membr. Biol. 115:1–12.
Eisenberg, R. S. 1996. Atomic biology, electro-
statics and ionic channels. In New Develop-
ments and Theoretical Studies of Proteins,
Vol. 7. R. Elber, editor. World Scientiﬁc,
Philadelphia, PA. 269–357.
Eisenberg, B. 2003. Proteins, channels, and
crowded ions. Biophys. Chem. 100:507–517.
Eisenberg, B. 2000. Permeation as a Diffusion
Process. In The Biophysics Textbook On
Line: Channels, Receptors, and Transporters.
http://www.biophysics.org/btol/channel.html
#5. L. J. DeFelice, editor.
Fu, D., A. Libson, L. Miercke, C. Weitzmann, P.
Nollert, J. Krucinski, and R. M. Stroud. 2000.
Structure of a glycerol conducting channel and
the basis for its selectivity. Science. 290:481–
486.
Honig, B., and A. Nichols. 1995. Classical
electrostatics in biology and chemistry. Sci-
ence. 268:1144–1149.
Im, W., and B. Roux. 2002. Ion permeation and
selectivity of OmpF porin: a theoretical study
based on molecular dynamics, Brownian
dynamics, and continuum electrodiffusion
theory. J. Mol. Biol. 322:851–869.
Jensen, M., E. Tajkhorshid, and K. Schulten.
2003. Electrostatic tuning of permeation and
selectivity in aquaporin water channels. Bio-
phys. J. 85:1–16.
Kong, Y., and G. Ma. 2001. Dynamic mecha-
nisms of the membrane water channel aqua-
porin-1 (AQP1). Proc. Natl. Acad. Sci. USA.
98:14345–14349.
Law, R. J., and M. S. P. Sansom. 2002. Water
transporters: how so fast yet so selective?
Curr. Biol. 12:R250–R252.
Levitt, D. 1991. General continuum theory for a
multiion channel. Biophys. J. 59:271–277.
Nagle, J. F., and H. J. Morowitz. 1978. Theory of
hydrogen bonded chains in bioenergetics.
Proc. Natl. Acad. Sci. USA. 75:298–302.
Nonner, W., L. Catacuzzeno, and B. Eisenberg.
2000. Binding and selectivity in L-type Ca
channels: a mean spherical approximation.
Biophys. J. 79:1976–1992.
Sham, Y., I. Muegge, and A. Warshel. 1999.
Simulating proton translocations in proteins:
probing proton transfer pathways in the
Rhodobacter sphaeroides reaction center. Pro-
teins. 36:484–500.
Sui, H., B.-G. Han, J. K. Lee, P. Walian, and B.
K. Jap. 2001. Structural basis of water-speciﬁc
transport through the AQP1 water channel.
Nature. 414:872–878.
Tajkhorshid, E., P. Nollert, M. Jensen, L.
Miercke, R. M. Stroud, and K. Schulten.
2002. Control of the selectivity of the aqua-
porin water channel by global orientational
tuning. Science. 296:525–530.
Warshel, A. 1979. Conversion of light energy to
electrostatic energy in the proton pump of
Halobacterium halobium. Photochem. Photo-
biol. 30:285–290.
Warshel, A. 1986. Correlation between Structure
and Efﬁciency of Light-Induced Proton
Pumps. Methods in Enzymology, Vol. 127.
L. Packer, editor. Academic Press Inc.,
London, UK. 578–587.
Warshel, A., and S. T. Russell. 1984. Calcu-
lations of electrostatic interactions in bio-
logical systems and in solutions. Q. Rev.
Biophys. 17:283–422.
3428 Eisenberg
Biophysical Journal 85(6) 3427–3428
